Recent advances in understanding the structure of cellulose are used as the basis for analyzing the structural changes that occur in pulp fibers during papermaking, particularly in the drying stage. These changes are responsible for the degradation of papermaking properties, and they must be reversed during recycling if the maximum papermaking potential of the virgin fibers is to be recovered. A number of studies have assessed the structural transformations that can occur in cellulosic fibers upon exposure to elevated temperatures. The researchers have invariably observed that the changes occur at the secondary and tertiary levels of structure, the levels that can have significant effects on the properties of fibers. In addition, some studies have focused specifically on the structural effects of recycling; clear correlations of structural change with changes in paper characteristics have been reported. The results of the various studies point to directions for further investigations into enhancing the recovery of papermaking value from recycled fibers.
INTRODUCTION
The papermaking process involves a number of complex transformations in the structure of pulp fibers as they go through the different stages of the manufacturing process. First, the fibers are made more flexible and conformable during refining; then, they are consolidated into a web through formation and pressing; finally, they are transformed into rather stiff aggregates as a result of the dehydration during drying. Successful recycling depends on reversing these transformations during repulping so that the fibers can be dehydrated and made conformable again in preparation for re-entry into the papermaking process.
This chapter focuses on the structural transformations that occur in cellulosic pulp fibers, with particular emphasis on the effects of exposure to elevated temperatures in the drying cycle of the papermaking process. Because of the complexity of the structures of cellulose, it is important to recognize, at the outset, that the action of different treatments can occur at different structural levels. This chapter begins, therefore, with are view of the different levels of structure that need to be considered when characterizing cellulose sin the native fibrous form. An overview occurrent thought on cellulose structures is followed by a discussion of some recent studies on the effects of elevated temperatures and the possible effects of mechanical actions. The perspective established is then used as the context for discussing some result so recycling investigations and the issues that must be considered to enhance understanding of recycling processes for paper production.
secondary, and tertiary levels [3] , the framework adopted in this chapter. The three levels represent a hierarchy of information that must be provided for a complete definition of the structure of an ordered aggregate of cellulose. For the purposes of this chapter, another higher level of structure or organization must also be considered, that of the individual cells or fibers; this level will be referred to as the morphological level.
The first level of structure is the primary one, which is reflected in the pattern of covalent, bonds. The dominance in cellulose polymeric chains of the ß-1,4-linked anhydro-D-glucopyranose units is not in question.
The next level of organization is that, of the secondary structure or the conformations of individual chains. This level involves the definition of the location in space of the individual repeat units relative to each other. It also includes the internal organization of individual repeat units where the covalent structure allows variation. This is the level of structure most readily probed by spectroscopic measurernerrts. The energy levels between which transitions are observed in infrared and Raman spectra are quite sensitive to the internal coordinates that define molecular conformations. The 13 C NMR measurements are also sensitive to the internal coordinates that define molecular conformations, but they are also sensitive to site equivaleuces within the repeating structures of the molecular chains.
It is at the secondary level that, our previous spectroscopic studies led us to propose that cellulose can exist in a number of distinct states or conformations, which can be identified on the basis of their Raman spectra [1] [2] [3] [4] . In particular, the conformation K I was identified as the dominant one in native cellulose or cellulose I, and the conformation K II as that dominant in cellulose II. In addition, a disordered state was identified as K 0 and defined as one wherein there is little coherence in the spatial organization of successive anhydrocellobiose units in the cellulosic chain. All of these are viewed, within the present framework, as different secondary structures.
The third level of organization is the tertiary structure, which reflects the arrangement of the molecular chains relative to each other within the ordered three-dimensional domains. This is the level of structure probed by diffractometric mesurements, which are inherently most sensitive to regular three-dimensional arrays or lattice structures. At this level of structure, it has long been recognized that the crystallinity of cellulose is polymorphic [5] . The solid-state 13 C NNIR spectra are also sensitive to variations at this level, and it is the level at which the distinction between the Ι α and I ß forms of native cellulose has been formulated [6] [7] [8] . In terms of the present framework, the Ι α and I ß forms of cellulose represent different tertiary structures corresponding to the same secondary structure. The other allomorphs of cellulose are regarded as differing in both secondary and tertiary levels of organization, and possess distinctive three-dimensional lattice structures.
The secondary and tertiary levels of structure are clearly not independent of each other-the shapes of the individual chains are primary determinants of the manner of their packing, and the forces involved in intermolecular interactions are among the factors that determine the equilibrium conformations of the individual chains. Because of this interdependence, the effects of three-dirnensional organization are also manifested in spectral measurements, both in observations reflecting variations in the internal coordinates and in measurements sensitive to intermolecular hydrogen bonding patterns.
The final level of structure, the morphology of the individual fiber, while not relevant to description of the states of organization at the molecular level, is clearly one that is affected to a considerable extent by mechanical action, and by consolidation and drying during the papermaking process.
STRUCTURE FORMATION AND TRANSFORMATION
If one were dealing with a synthetic polymeric material capable of organization at the levels described for cellulose, it would be logical to seek to identify the stages of the development of structure in processes resulting in solid semicrystalline states. In particular, it is usually possible to analyze the processes of aggregation in terms of nucleation and crystallization stages. These can be regarded as stages of development of secondary and tertiary structure respectively, and in most instances they are found to be coupled to varying degrees, depending on conditions of solidification.
For native cellulose, a similar set of coupled processes has been suggested. It has been proposed that during the biogenesis of bacterial cellulose, the biosynthesis and the aggregation into the native crystalline form are coupled [9] . The formation of cellulosic aggregates in wood cell walls is more complex, however, because the incorporation of hemicelluloses and, eventually, lignin result in further modification of the processes of aggregation. A corollary of this reality is the expectation that during pulping processes, as the removal of hemicelluloses and lignin progresses, and as the fibers are exposed to the alkaline environment and elevated temperatures, both of which enhance molecular mobility, the remaining cellulose and hemicelluloses will undergo transformations that are usually manifested as a higher level of crystallinity.
Preliminary results of solid-state 13 C NMR relaxation studies carried out on pulp fibers isolated by chemical means suggest that the tertiary structures of celluloses in wood pulp are significantly influenced by the specific procedures used to separate the cellulose from the other cell wall constituents. Thus, cellulose in wood pulps can be regarded as possessing the native structure of cellulose primarily at the secondary level, while the tertiary structure appears to be as much a function of the procedure of isolation as of the native molecular architecture. This fundamental point may provide the most plausible rationale yet for the differences between the properties of pulps prepared by different processes. In the present context, it may be the key to understanding the effects of time-temperature histories on the structures of the pulp fibers.
In the processing of synthetic polymers, it is well known that the structures at the secondary and tertiary levels can be reorganized as the result of mechanical, thermal, or, most often, thermomechanical manufacturing operations. Within this context, it is recognized that polymeric materials undergo annealing processes when they are exposed to elevated temperatures, particularly in the presence of strongly interacting low molecular weight compounds that can act as plasticizers. Although similar processes have not been widely recognized in cellulosics, there is little question that these processes occur in the course of papermaking operations, particularly in those stages that require extensive mechanical action on the hydrated fiber or that require elevated temperatures as the paper is dried or calendered.
Thermal Effects
In the first study of annealing effects in cellulosics, Atalla and Nagel [10] observed that annealing of mercerized cellulose resulted in enhancing the degree of order, as reflected in the line shapes of the x-ray diffractograms. In a subsequent study, Atalla and Whitmore [11] extended the inquiry to native cellulose and wood pulps. They investigated pulp fibers that were prepared from wood chips by application of acid chlorite at 70°C, followed by extraction with 4 percent NaOH solutions to remove most of the hemicelluloses. The fibers were then exposed to elevated temperatures while immersed in water in a steel bomb; the temperature program duplicated that of a kraft pulping cycle, including 90 min at 170°C. The result was a significant increase in the crystallinity of the cellulose, as reflected in the width of the primary diffraction peaks in the x-ray diffractogram. The papermaking properties of those pulps were significantly degraded as well, relative to those of the unannealed pulp. In particular, the tensile energy absorption was diminished as was the tensile strength. These results were attributed to embrittlement of the fibers as a consequence of the heat treatment and the resulting high crystallinity relative to the untreated fibers.
In a further development of this line of inquiry, Atalla et al. [12, 13] investigated the patterns of structure development in cellulose that were prepared in the amorphous state and then subjected to varying conditions that facilitate molecular mobility and crystallization. This study was specifically undertaken because in most pulp fibers the noncrystalline component is generally thought of as amorphous, and the response of this fraction to various process steps is not well understood. In most instances, the conditions investigated by Atalla et al. included exposure to elevate temperatures in aqueous media, circumstances not unlike those occurring in the course of pulping or during drying.
The key findings in the study were that the patterns of formation of both secondary and tertiary structures were influenced by the conditions of treatment. When treatments were at lower temperatures, the dominant secondary structure was that of K II and the dominant tertiary structure was that of cellulose II. As temperatures were increased, the balance of secondary structure was shifted towards formation of K I , while the tertiary structures that emerged appeared to be different forms of cellulose IV. As temperatures were increased further still, the dominant secondary and tertiary structures appeared to be K I and cellulose I ß , respectively. Since the conditions of treatment were rather severe, it was not clear whether the formation of K I resulted from conversion of K II to K I o r whether it was the result of hydrolytic breakdown of the cellulose in the K II form; the latter is known to be more susceptible to hydrolytic breakdown [14] . In either case, it was amply clear that the K I secondary structure, when aggregated in a highly ordered cellulose I ß tertiary structure, was the most stable form of cellulose and the most resistant to hydrolytic breakdown, The findings of these studies support the view, presented by the author elsewhere [2, 3] , that the structure of native cellulose, particularly that of the higher plant cellulose, is inherently the most stable of the aggregated states, The distinction between the native celluloses arises because the Ι α tertiary structure is dominant in the primitive plants and bacterial celluloses, while the I ß structure is dominant, in the higher plant celluloscs. As noted elsewhere [2] , Horii et al. [15] found that treatment of the primitive plant cellulose with steam at, elevated temperature resulted in their conversion to the I ß form, while treatment of pure higher plant celluloses under the same conditions did not result in any modifications of the structure. All of these observations, taken together, lead to the view that the state of aggregation that prevails in pure higher plant cellulose is indeed the most stable one. This state can be defined as consisting predominantly of the K I s e c o n d a r y structure, aggregated in a tertiary structure dominated by the I ß form. This, of course, occurs in combination with varying amount of the less ordered Ko form, depending on the source and the native morphnlogy.
At present, it is not possible to detect, the levels of the I ß in pulpwood, but it is clear that removal of lignin and hemicelluloses during pulping leads to transformation of much of the cellulose to the I ß , with the amount of cellulose in the less ordered K 0 form depending on the conditions of pulping and the ultimate yield level to which the pulp is digested.
Since the studies by Atalla and VanderHart [2] and Horii et al. [15] involved treatment of celluloses at elevated temperatures for extended periods, it could be argued that they are relevant to pulping processes where the dwell times at elevated temperatures are of the same order as those used in the investigations cited, but not to recycling operations where the dwell times at elevated temperatures may be much shorter. Two other studies provide some perspective on this question-one on steam explosion processes, the other on press drying.
The effects of steam explosion processes were explored in a collaboration with Focher at Stazoine Sperimentale Cellulosa, Carta e Fibre Tessili in Milan, in whose laboratory the pulps were prepared [16] . The samples were produced from poplar, and were heated at 190°C, 210°C, and 230°C, for 6, 4, and 2 min, respectively, before the explosive decompression. The samples were assessed by x-ray diffractometry and Raman spectroscopy. The primary focus of the investigation was the differences between the samples, rather than an attempt to compare the structures to the native fibers; such a comparison would have been complicated by uncertainties associated with other wood components, or with the effects on structure of any chemical isolation procedure if such a procedure had been used. The x-ray diffractograms showed clearly that the crystalline order became more coherent as the temperature of treatment was increased. The primary manifestations were the narrowing of the 002 reflection and the slight shift of its center to higher values of 2 θ. The crystallinity increased in spite of the fact that the treatments were of longer duration at the lower temperatures. Thus, it can clearly be said that the resulting lattice structure, that is, the tertiary level of organization, is more highly ordered as the temperature of treatment is elevated.
The Raman spectra showed the same trend. The components of the spectra in the low frequency region, between 250 and 650 cm-1, were resolved in terms of spectral standards according to a method previously reported [4] . In this resolution, the K II and K 0 components were summed because the discrimination between them is at a lower level of confidence than that possible between them and the K I component, which was by far the dominant one the spectra. The increase in the level of order was manifested in an increase in the fraction of the K I component. Thus, it could also be said that the increased order at the tertiary level was accompanied by an enhancement of the order at the secondary level as well.
With respect to the effect of the steam explosion process, one uncertainty was associated with the possible effects of the mechanical action. Although it was clear that the treatment resulted in fiberization, no effort was made to characterize the changes at the morphological level. The key observation was that the mechanical act ion does not seem in any way to counteract the tendency towards higher degrees of order at the secondary and tertiary levels associated with the exposure to elevated temperatures. This suggests a basic premise that can simplify the analysis, namely that the effects of thermal and mechanical action can be considered separately in a first approximation.
The other study in which the process inherently imposed short-duration exposure to elevated temperatures explored the effects of press drying on molecular aggregation. The study, which the author undertook in collaboration with Setterholm and Woitkovich [17] , examined the combined effects of high pressure and elevated temperatures on sheets prepared from high yield kraft pulps. In one part of the study, sheets press dried with fine mesh screens were examined. The areas under the knuckles of the screens, which experience the highest pressures, were compared with the areas between the knuckles of the screens, using the Raman microprobe. The initial premise was that the high pressures under the knuckles would break down the structure of the cellulose at all levels and thus lower the crystallinity there compared to the areas between the knuckles. In fact, for the areas under the knuckles, an enhancement of order at the secondary and tertiary levels occurred, even though at the morphological level, as revealed in scanning electron micrographs, the fibers were severely deformed.
To provide a basis of comparison, sheets from similar pulps were press dried between more uniform, fine gauze fabrics to avoid the effects of the knuckles. Here again, what was observed was a remarkable enhancement of the order at the secondary and tertiary levels within a very few seconds.
Thus, in both the steam explosion studies and the press drying investigation, although the effects of the mechanical action had been expected to manifest themselves in some reduction of the order at the secondary and tertiary levels as well as at the morphological levels, the evidence pointed instead to an increase in the degree of order at the secondary and tertiary levels, simultaneously with the disruptions and deformations at the morphological levels. These findings are consistent with the suggested premise that, to a first approximation, the effects can be considered separately.
The central point, however, to be derived from the results of the steam explosion studies and those of press drying is that the transformations of structure can indeed occur on a time scale comparable to the short dwell times of pulp fibers at elevated temperatures during papermaking, particularly in the course of drying.
Mechanical Effects
The effects of mechanical action on the structure of fibers are not as well systematized because the wide variety of devices and methods that have been used do not lend themselves readily to quantification. It is well recognized that extreme mechanical action, under anhydrous conditions, can result in disrtuption of the tertiary and secondary level structures; the preparation of spectral standards representing the amorphous cellulose has usually been based on extensive ball milling [4] , Yet, it is also known that such amorphous cclluloses will crystallize rapidly upon exposure to moisture, although the level of crystallinity may be limited according to the conditions of exposure.
In the case of processes in which the mechanical action is of short duration, the level at which structural changes are most, obvious is apparently the morphological one. This certainly is true of the effects of mechanical action in steam explosion as well as in press drying. It is also true of the effects of mechanical refining in preparation for papermaking; it is anticipated that the effects of such refining at the secondary and tertiary levels will be marginal.
RECYCLING
The central question of interest in relation to recycling technology is whether the combined effects of mechanical refining during repulping and the elevated temperatures during drying result in transformations that are relevant to the development of the technology. This question was central to an unpublished study of recycling undertaken by Bugajer and Dugal at the Institute of Paper Chemistry in 1975; the author collaborated with these investigators in the analysis of changes in crystallinity.
The study examined the effects of recycling on fibers from a commercial kraft paper. The findings relevant to the present discussion were summarized as follows [18] :
The results show that recycling of fibers causes an increase in crystallinity, as well as a decrease in surface area. Because these factors decrease the swellability of the fibers, which decreases fiber-to-fiber bonding, the sheet formed from recycled fibers is generally weaker. Maximum effect of recycling was observed after the first recycle, when most of the change in cellulose structure seemed to occured. Moderate beating seemed to help regain some loss in paper strength, due to recycling. Extensive beating led to fiber damage resulting in a sheet with lower strength properties. In our case this lowering of strength was noticed after the third recycle. The data show that the detrimental effect of fiber recycling on sheet strength can be overcome by beating only up to a point, beyond which beating has a negative effect.
In order to study the changes in crystallinity with each recycle, different pulps were recycled five times. It was observed that crystallinity is not influenced by the amount, of fines in the pulp, crystallinity is not influenced by beating, the change in crystallinity differs from pulp to pulp, crystallinity does not seem to be influenced by the amount of hemicelluloses in the pulp, and the increase in crystallinity may be due to the effect of heat on the fiber during the drying operation. Although a more detailed discussion of the results of that study is beyond the scope of this report, a noteworthy point is that the crystallinity, as measured by the reciprocal of the width-at-half-height of the 002 reflection in the x-ray diffractogram of the pulp, did increase steadily with each progressive recycling of the pulp. In light of the structural model described above, it would seem that each repulping operation resulted in some slight enhancement of the molecular mobility of the disordered cellulose, thus allowing it to enter more readily into the domains of more coherent order at the tertiary level during the subsequent drying cycle. It is also clear that the dependence of sheet properties on changes in structure at the secondary or tertiary levels arrived at some plateau or asymptote in the functional relationship between the two at some point prior to the fifth recycle.
SUMMARY
In summary, this chapter describes the structural transformations of the cellulosic component of wood pulp fibers that can result from exposure to the elevated temperatures and mechanical action that are an integral part of papermaking processes. These transformations are viewed in light of recent thought about the states of aggregation of cellulose and different levels of structure and organization. Within this perspective, the possibility is explored that the effects of elevated temperatures in an aqueous environment and the effects of mechanical action can be considered separately to a first approximation. Some results of steam explosion treatments of pulps are described, as well as some studies of press drying, both of which combine short-duration high-intensity mechanical action with elevated temperatures in a moist environment. In both types of processes, ordering at the secondary and tertiary levels is apparently enhanced by the effects of elevated temperature in a moist environment, even though structure at the morphological level is simultaneously disrupted. The changes at the secondary and tertiary levels are such that they are quite sensitive to time-temperature history and likely to influence the functional properties of the pulp fibers. Also reported are the results of a recycling study, which showed that crystallinity, or order at the tertiary level, does increase with recycling, but that its relationship to the deterioration of papermaking properties of the fibers is complex and not readily systematized.
In general, it is quite clear that hydration and elevated temperatures promote molecular mobility. It is also clear that the process of dehydration, if carried out under conditions that facilitate molecular mobility, can result in enhancing the order at secondary and tertiary levels of molecular organization. The effect of this enhancement can be positive if it acts as a reinforcement within the microstructure of the fibers, but it can also be negative to the extent that it limits the capacity of fibers to respond to stress in an elastic mode without failure. It appears that the increased order associated with recycling is more often associated with the latter effect.
This survey of relevant studies of structural transformations indicates the need for more systematic investigation of the relationship between transformations of structure and the degradation and recovery of papermaking properties.
